Abstract On 24 October 2002, M w 6.2 earthquake occurred in the central part of the Lake Kivu basin, Western Branch of the East African Rift. This is the largest event recorded in the Lake Kivu area since 1900. An integrated analysis of radar interferometry (InSAR), seismic and geological data, demonstrates that the earthquake occurred due to normal-slip motion on a major preexisting east-dipping rift border fault. A Coulomb stress analysis suggests that diking events, such as the January 2002 dike intrusion, could promote faulting on the western border faults of the rift in the central part of Lake Kivu. We thus interpret that dikeinduced stress changes can cause moderate to large-magnitude earthquakes on major border faults during continental rifting. Continental extension processes appear complex in the Lake Kivu basin, requiring the use of a hybrid model of strain accommodation and partitioning in the East African Rift.
Introduction
When a continental rift such as the East African Rift System (EARS) evolves toward continental breakup, magma-driven processes, and in particular diking, play an increasingly important role in crustal strain accommodation [e.g., Ebinger, 2005; Keir, 2014] . Hence, in the more evolved northern region of the East African Rift System (EARS) and in Afar, around 80% of the extension is accommodated by magmatism [e.g., Bilham et al., 1999; Wright et al., 2006] . As a result, magma-driven processes establish and maintain alongaxis rift segmentation during continental breakup [Wright et al., 2012] whereas fault-controlled processes, i.e., rift border faults, become inactive [e.g., Buck, 2004; Ebinger, 2005] .
In the Western and Eastern Branches of the EARS which encircle the Tanzanian craton (Figure 1 ), the continental breakup is in an earlier stage of development and the crust is less extended than in Afar [Ebinger, 1989b] . In those two branches, well-developed border faults and rift valley volcanoes are visible, but developed magmatic segments are lacking. Recent geophysical and geological studies of the southern edge of the Eastern Branch in Tanzania indicate that fault-controlled and magma-assisted extensions Baer et al., 2008; Biggs et al., 2009 Biggs et al., , 2013 Albaric et al., 2014] coexist in this weakly extended portion of the EARS. However, the exact contribution, as well as along-rift variations, of strain partitioning between faulting and magmatism remain poorly documented, especially in portions of the EARS which have not been affected by significant amount of crustal thinning.
In contrast to the widespread volcanism observed in the Eastern Branch, the Western Branch is considered as ''magma poor'' [Koptev et al., 2015] with magmatism only within a limited number and spatially restricted volcanic provinces (e.g., Virunga and South Kivu Volcanic Provinces). Rifting in the Western Branch has started before [e.g., Ebinger, 2005; Muirhead et al., 2015] or coincidently (25 Ma) [Roberts et al., 2012] with rifting in the Kenya Rift and further north in the Eastern Branch. Surface geology suggests that significant amounts of extension should be accommodated by magmatism in the Eastern Branch, and by brittle deformation along normal faults in the Western Branch [Parsons and Thompson, 1991; Koptev et al., 2015] .
Pure tectonic extensional-faulting events, consistent with fault-controlled rifts [e.g., McKenzie, 1978; Buck, 2004; Ebinger, 2005] , have been observed in the Western Branch using seismic and geodetic data [d 'Oreye et al., 2011; Biggs et al., 2010] . Specifically, in the Lake Kivu rift basin, this suggestion was supported by a Figure 1 . Shaded relief topographic map of the Kivu basin. SKVP and VVP stand for South Kivu Volcanic and Virunga Volcanic Province, respectively. MER stands for Main Ethiopian Rift. The Ruzizi River corresponds to the boundary (yellow line) between the Democratic Republic of Congo and Rwanda, then between Congo and Burundi to the south. Mapped faults are from Smets et al. (submitted manuscript) . Earthquakes for the period 1996-2010 are shown (source: NEIC). The earthquakes in the Kivu basin tend to mostly concentrate along western border faults. It is important to note that the earthquakes hypocenters are poorly constrained, the depth being generally fixed to 10 km for shallow events, and the horizontal error estimate being 10-15 km (source: NEIC). The white outline shows the extent of Figure 2 . Top-left inset: arrows show extension direction with numbers representing velocities in mm/yr [Stamps et al., 2008; Saria et al., 2014] . The rift extension direction in the Kivu area is N110E with a rate of 2-2.8 mm/yr [Stamps et al., 2008; Saria et al., 2014]. seismic and geodetic study of the Bukavu-Cyangugu M w 5.9 February 2008 earthquake in the southern part of the Kivu basin [d 'Oreye et al., 2011] (Figure 1 and supplemental information Table S1 ). d 'Oreye et al. [2011] did not infer a magmatic origin for this seismic sequence based on a seismic and geodetic moments budget. However, a recent geodetic study of the Nyiragongo 17 January 2002 eruption suggested strain 
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accommodation by dike intrusions. The January 2002 dike intrusions created a 60 3 60 km deforming area, north and east of Lake Kivu (Figure 2 ) and possibly induced secondary faulting in Gisenyi [Wauthier et al., 2012] . The respective roles of fault-controlled versus magma-driven processes in the extension of the Kivu basin are thus being questioned.
In October 2002, RADARSAT-1 satellite images constrained surface deformation associated with the M w 6.2 Kalehe earthquake, which is the largest earthquake recorded in the Lake Kivu area since 1900 [Mavonga, 2007] . This earthquake occurred on 24 October 2002, at 6:08 UTC in the central part of the Lake Kivu basin, in the Kalehe area (Figure 2 ). Eight people were killed in the epicentral area of Kalehe and the village was partially inundated by Lake Kivu [Wafula et al., 2007] . To investigate the characteristics and origin of the Kalehe earthquake, we inverted Interferometric Synthetic Aperture Radar (InSAR) data covering the event, and further constrained our models with seismic and structural observations. We performed a Coulomb stress change analysis to test if there is causality between the major diking event in January 2002 and the M w 6.2 earthquake. This work aims to provide new insights on the potential role of dike intrusion on strain accommodation and partitioning during early stages of continental rifting.
Geologic Setting
The Western Branch of the EARS encircling the Archean Tanzania craton (Figure 1 ) is formed by an en echelon succession of 100 km long and 40-70 km wide grabens and half-graben asymmetric basins often hosting lakes [Rosendhal, 1987; Ebinger, 1989a,b; Ebinger and Furman, 2003] . The asymmetric basins are bound by long border fault systems characterized by up to several kilometers offset [Wood et al., 2015] , dipping at angles between 408 and 608 [Zana and Hamaguchi, 1978; Shudofsky, 1985] . Those border faults likely penetrate more than 15 km depth in the crust [Morley, 1989; Yang and Chen, 2010; Craig et al., 2011; d'Oreye et al., 2011; Lindenfled and R€ umpker, 2011] .
The Western Branch is thought to have developed in relatively strong and cold lithosphere in which thermal heating and weakening of the upper crust has only been modified by mantle plume and magmatic processes at a few spatially restricted volcanic provinces [Wood et al., 2015] . From north to south, the Western Branch includes four volcanic provinces: Toro-Ankole (Uganda), Virunga (Democratic Republic of Congo, Uganda, Rwanda), South Kivu (Democratic Republic of Congo, Rwanda, Burundi), and Rungwe (Tanzania). They all lie within transfer zones, which are areas accommodating the strain between two distinct rift segments [e.g., Pouclet, 1976 Pouclet, , 1977 Ebinger, 1989a,b; Ebinger and Furman, 2003; Corti et al., 2003b] . Lake Kivu is located between the Virunga (VVP) and South Kivu (SKVP) provinces (Figure 1 ), in which volcanism started 12 and 10 Ma [Ebinger and Furman, 2003] , respectively. However, the composite volcanoes of the VVP developed in the past 2.6 Myr, the most recent volcanic activity being concentrated in the center of the rift depression [e.g., Bellon and Pouclet, 1980; Wood et al., 2015] . Nowadays, volcanic activity is almost exclusively restricted to Nyiragongo and Nyamulagira volcanoes (Figure 1 ), which are the most active African volcanoes [Wright et al., 2015] . Nyamulagira erupts every 1-4 years [Smets et al., 2010] and Nyiragongo, which is usually characterized by intracrateral activity, erupted in two fissural eruptions, likely induced by major dike intrusions, in 1977 [e.g., Tazieff, 1977; Pottier, 1978] and 2002 [e.g., Komorowski et al., 2003; Wauthier et al., 2012] . Both volcanoes currently host a persistent lava lake in their summit crater [Smets et al., 2015] .
The Kivu basin is an asymmetric half-graben controlled on its western side by a 110 km long, N-S striking border fault along which most of the seismicity is located (Figure 1 ). The basin morphology is complex with, in its northern part, a main basin characterized by the underwater extension of the VVP [Ross et al., 2014] and a progressive transfer of the main western rift fault into the lake (B. Smets et al., The role of inherited crustal structures and magmatism in the development of rift segments: Insights from the Kivu basin, western branch of the East African Rift, Tectonophysics, submitted 2015). The central part of the Kivu basin is characterized by two half grabens separated by an uplifted block whose surface expression is the Idjwi Island (Figure 1 ). To the south, the SKVP marks the southeastward transfer of the rift toward the northern Lake Tanganyika basin [Rosendhal, 1987; Ebinger, 1989b] . The Kivu basin contains up to 1.5 km thickness of sediments [Wong and Von Herzen, 1974; Wood et al., 2015] and basalts derived from the VVP [Ross et al., 2014] and SKVP [Ebinger, 1989b] . Recent offshore multichannel seismic Geochemistry, Geophysics, Geosystems 10.1002/2015GC006110 reflection data [Wood et al., 2015] show no displacement of the upper sediment layers for the eastern border of the Kivu basin. The Kivu basin is narrower and contains a thinner layer of sediments compared to the Albert, Edward, Tanganyika, and northern Malawi rift segments. This observation led Wood et al. [2015] to infer that the crust is less extended in the Kivu basin. According to Smets et al. (submitted manuscript) , the geomorphology of the Kivu basin might be related to normal faulting, magma underplating, and differential erosion. The latest state of the Kivu basin would only date back to 10 kyr, when the lavas of Nyiragongo and Nyamulagira dammed the northward flow of a former hydrographic network, creating the present Lake Kivu and forcing the waters to flow through the Ruzizi River to the south, toward Lake Tanganyika [e.g., Peeters, 1957; Ross et al., 2014; Wood et al., 2015; Smets et al., submitted manuscript] . On the basis that the flank elevation varies along strike, the narrowness of the basin, the presence of several large volcanic edifices within the central rift, as well as magma underplating and intrusion, Wood et al. [2015] suggest that the southern part of lake Kivu basin experienced less subsidence and likely less crustal extension than the central and northern parts of the Kivu basin.
Seismic and Geodetic Data
Constrains on the Kalehe earthquakes are provided by global seismic stations with locations of 30 earthquakes in 2002 provided by the USGS/NEIC catalog (supplemental information Table S1 ) and moment tensor inversion performed on two earthquakes by Craig et al. [2011] (Table 1 ). These data show that the 24 October 2002 M w 6.2 earthquake has a normal fault-type focal mechanism ( Figure 2 and Table 1 ). Figure 3a shows the estimated epicenter for the main shock and the four major recorded aftershocks (supplemental information Table S1), the strongest of which occurred about 1 h after the main shock at 07:13 with a M w 5.5 [Mavonga, 2007; Midzi and Manzunzu, 2014; Craig et al., 2011] and a similar normal fault-type focal mechanism (Table 1) . We add additional constraints on the temporal evolution of the sequence using the continuous seismic record from the nearest permanent seismic station to Kivu (supplemental information Figure S1 , MBAR located 250 km from the main shock) during October 2002. During 5-29 October 2002, we compute local magnitude (M L ) of 88 well-recorded earthquakes in the sequence, with the catalog magnitude of completeness of 4.1 and a b-value of 0.9 (supplemental information Figure S2 ). The total cumulative seismic moment (M o ) release is estimated to be 4.75 3 10 18 Nm (Figure 3d ). Using a local network, Mavonga [2007] reported a total of 326 earthquakes associated with the Kalehe sequence, with an aftershock distribution extending to Idjwi Island. However, the fault plane is not visible since the aftershocks are reported by Mavonga [2007] to have an elliptical distribution.
InSAR data provide the only geodetic measurement of the earthquake. A RADARSAT-1 descending interferogram (5 October 2002 to 29 October 2002) imaged the event (Figures 2 and 3) . The interferogram was processed using the JPL/Caltech ROI_PAC SAR software, multilooked with a factor of 2 in range and azimuth and filtered with an adaptive filter to optimize the signal-to-noise ratio [Rosen et al., 2004] . We removed the orbital and topographic interferometric phase contribution using precise orbits and a 30 m resolution digital elevation model generated by the NASA Shuttle Radar Topography Mission [Farr et al., 2007] . The interferometric phase has been unwrapped with the SNAPHU algorithm [Chen and Zebker, 2001] . Despite the sparseness of the data, due to the vegetation-induced temporal decorrelation and the presence of the lake, seven clear fringes indicating a range increase of 20 cm are visible on the western lake shore in the Kalehe area (Figure 3a) . They are consistent with ground subsidence of the Kalehe area associated with normal faulting. a Strikes, dips, and rakes of the two nodal planes are s1, d1, and r1 and s2, d2, and r2, and z is the depth.
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4. Results
Geodetic Modeling
Given the limited InSAR data set, we used simple modeling methods providing an analytical solution in an elastic half-space to model the geodetic data. Specifically, a rectangular dislocation with uniform rake [Okada, 1985] describes the fault rupture. The value of the Poisson ratio and Young modulus is assumed to be 0.25 and 90 GPa (supplemental information Figure S4 ), respectively. Geochemistry, Geophysics, Geosystems
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To infer the geometry and rake of the fault that created the observed deformation field, we inverted the subsampled RADARSAT-1 data set with a near-neighborhood algorithm [Sambridge, 1999a] . The misfit function quantifying discrepancy between observed and modeled displacements is defined as:
where C d is the data covariance matrix and u 0 and u c are vectors of subsampled observed and modeled line-of-sight displacements, respectively. We also use a more intuitive indicator to compare inversions results, an RMS error, defined as:
where N is the number of subsampled data points.
The 95% confidence intervals on best fit parameters are calculated during an appraisal stage following Sambridge [1999b] and Fukushima et al. [2005] . Note that from synthetic tests, Dawson and Tregoning [2007] inferred that fault source parameters are found to be accurately determined from one SAR viewing geometry.
The two nodal plane solutions identified from the seismic moment tensor solution [Craig et al., 2011] (see Table 1 ) served as guides for the inversions. In the inversions, the search intervals for the fault rake, dip, and strike angles parameters consider a range of 6108 from the nodal plane solutions. The search intervals for the length and width of the fault plane consider a range of 65 km from: (1) a rectangular fault plane of 16 3 11 km, based on the Wells and Coppersmith [1994] scaling laws, and (2) a rectangular fault plane of 25 3 15 km, based on Mavonga [2007] . Finally, the hypocenter depth is inverted between the surface and 15 km depth.
All four best fitting models obtained for each tested case fit the geodetic and seismic data satisfactorily (supplemental information Figure S3 ). However, Models 1 and 3, in which the fault geometry was constrained following the larger area estimates (25 3 15 km) from Mavonga [2007] , overestimate the seismic moment by a factor 2-3 ( Table 2 ). The preferred best fit model, which includes normal slip on a N15E-trending fault, is Model 4, which has a RMS error of 6.9 mm (Table 2 and Figure 3b ). The modeled fault is 21 km long and 6 km wide. Note that the discrepancy in horizontal location between the earthquakes (source: NEIC) and the modeled fault likely results from the 10-15 km horizontal error on earthquake locations [e.g., Hellfrich, 1997] . The fault extends from a depth of 4 to 8 km below the surface, which is consistent with the main shock and largest aftershock recalculated hypocenters (Table 1 ) [Craig et al., 2011] . The modeled fault rake is 2938 which corresponds to normal slip in a N57E direction. The total geodetic moment of 5 3 10 18 Nm is in close agreement with the total seismic moment of 4.75 3 10 18 Nm released during 5-29 October 2002 (Figure 3) . Table 2 ).
The Coulomb failure hypothesis is:
Failure is promoted when Dr Coulomb on the receiver fault caused by opening and/or slip on the source dislocation increases. Ds is the shear stress change (positive in the direction of receiver fault slip), Dr n is normal stress change (positive when the receiver fault is unclamped), and l' is the effective fault friction coefficient on the receiver fault. We used the Coulomb 3-D software [Toda et al., 2011] and assumed a Poisson's ratio and effective fault friction coefficient of 0.25 and 0.4, respectively. Considering the depthdependent rigidity estimated for this area [Mavonga, 2010; Wauthier et al., 2012] , we assume a Young's modulus of 90 GPa (supplemental information Figure S4 ).
Wauthier et al.
[2012] constrained the extent of a deep dike intrusion beneath Lake Kivu, and in particular, the southern dike tip, thanks to the deformation pattern imaged by RADARSAT-1 data sets coherent on the eastern shore of the lake. This dike is used as the dislocation source for the Coulomb stress calculation. For simplicity, we approximated the deep dike source geometry inferred by Wauthier et al. [2012] with a single rectangular dislocation whose top is at 3 km depth, height is 6 km for a length of 35 km, and affected by a mean opening of 0.72 m. Note that to test the robustness of our results, upper and lower limits of the dike extent and crustal rigidities have also been tested (supplemental information Figures S5 and S6) . In all cases, the October 2002 earthquake hypocenters and the best fit modeled fault are located in regions of positive Coulomb stress change (Figure 4 and supplemental information Figures S5 and S6 ). Coulomb stress are increased on the receiver fault plane corresponding to the best fit geodetic model for the Kalehe earthquake by a maximum of 0.4 bar (Figure 4 ). These results suggest that the major January 2002 dike intrusion brought faults closer to failure and unclamped the Kalehe area.
Discussion
The modeled fault surface trace projection is consistent with N15E oriented en-echelon east-dipping normal faults visible at the surface correspond to major active [Wood et al., 2015] rift escarpments (Smets et al., submitted manuscript; Figure 3b ). Therefore, we infer that the preferred modeled fault related to the M w 6.2 Kalehe earthquake corresponds to the first nodal plane of the moment tensor solution, which is oriented N15E and dips eastward. Note that N45E oriented faults crossing the N15E main rift escarpments faults correspond to a secondary faulting axis in the Kivu area, likely following preexisting Precambrian structures [Villeneuve, 1980] . The fault also strikes parallel to the January 2002 dike. The similar orientation, parallel to the local rift axis for both structures, indicates that this direction is guided uniquely by the rift extension.
Magmatic activity can trigger moderate-magnitude earthquakes on suitably oriented preexisting faults [e.g., Walter and Amelung, 2006; Yokoyama, 2001; Toda et al., 2002; Hayashi and Morita, 2003; Nishimura et al., 2001; Wauthier et al., 2013] . Injection of the January 2002 Nyiragongo deep dike has hence likely triggered posteruptive seismicity [Kavotha et al., 2003] , as well as three other M > 5 earthquakes in January 2002 (supplemental information Table S2 and Figure S4 ). Furthermore, Passarelli et al. [2015] found that dike-induced strike-slip events that follow the Gutenberg-Richter model (b-value 1) occurred on suitably oriented preexisting tectonic structures. Therefore, we suggest that the January 2002 dike intrusion induced the largest magnitude earthquake recorded in the Lake Kivu area on 24 October 2002, along suitably oriented preexisting rift structures. The maximum Coulomb stress change does not exceed 1 bar, but it is likely that other similar diking events such as in 1977 [Tazieff, 1977] also accumulated stress on the western rift border faults in the central part of Lake Kivu. Three M5 earthquakes (source: NEIC) indeed occurred following the 10 January 1977 eruption and the related dike intrusion, two were located in the Bukavu area and one on the western side of Lake Kivu. However, note that diking events below Nyiragongo and Goma with a similar southern extension than this one are unlikely to significantly modify the stress field in the southernmost part of the Lake Kivu including the SKVP and Bukavu areas.
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Due to small amount of crustal stretching [Wood et al., 2015] , we might expect the Kivu rift to be fault controlled. However, in the VVP, the intense magmatic activity identified in 1977 and 2002 is incompatible with a fault-controlled rift. Indeed, from the modeling of Wauthier et al. [2012] , the 17 January 2002 Nyiragongo deformation sources account for a total geodetic moment of 1.3 3 10 19 Nm, mostly released by the deep dike beneath Goma and the Lake Kivu (Figure 2 ). The seismic moment for all January 2002 earthquakes (supplemental information Geochemistry, Geophysics, Geosystems for by aseismic processes. This is larger than for the Gelai diking event in 2007, in which 65% of the total moment release is represented by aseismic processes Baer et al., 2008; Biggs et al., 2009] . However, in the Gelai case, a m b 5.9 normal faulting event occurred before the dike intrusion. The ratio between seismic and total geodetic moment for the 2002 Nyiragongo-Kalehe sequence is similar to that of the 2005 Dabbahu rifting episode [Wright et al., 2006] , suggesting that magmatic intrusions release most of the extensional strain in both cases.
Discrepancy in strain accommodation in the Kivu basin is likely linked to proximity to major volcanic centers, where the proportion of tectonic fault-controlled deformation increases away from regions of active volcanism. Our stress change modeling also suggests that the along-rift variations in magmatic versus tectonic deformation is also modulated on a local scale by dike-induced faulting. Hence, the northern part of Lake Kivu could behave as a magma-assisted rift and the southern part as a fault-controlled rift. The VVP is volcanically active and participates in extension as active magma intrusion and underplating [Corti et al., 2003a,b; Wood et al., 2015] . Therefore, the area would accommodate the upper crustal extension by diking that triggers the seismic activity on the rift border. Likewise, the SKVP is not active and the southern part of Lake Kivu is accommodating extensional strain mainly with normal faulting [e.g., d 'Oreye et al., 2011] . This hypothesis is supported by longer-term indicators of deformation achieved in the structural analysis of Wood et al. [2015] , and indicates that the along-rift variations in mechanism of deformation, and interaction between intrusion and induced faulting that we observe in the short term are indicative of long-term deformation patterns. The Kalehe area, in the center of Lake Kivu at the latitude of Idjwi Island, is located where the Kivu basin starts to transition structurally to a full graben further south, and could thus act as a structural boundary between two distinct local stress regimes.
Despite tectonic extension being the norm along most of the magma-poor Western Branch and the presence of large normal faults bounding the rift basins capable of M71 earthquakes [Foster and Jackson, 1998 ], our new quantitative observations suggest localized areas, such as the northern Kivu basin, where magmatic extension dominates. The localized areas characterized by significant volcanism (and dominant magmatic extension) in the Western Branch correspond to regional transfer zones between major basins [e.g., Ebinger, 1989a; Corti et al., 2003b] that probably contribute to rifting by feeding upper crustal dikes that could propagate laterally into the tips of rift basins [Muirhead et al., 2015] . An active volcanic province could provide the short and long-term stress changes required to cause magma-assisted breakup of the continental lithosphere. Repeated dike intrusions induce magmatic heating, viscous weakening, and reduce the plate strength [Albaric et al., 2014] , providing a means to efficiently localize mechanical extension by ductile stretching and faulting relatively early during the rifting process [Buck, 2004] . Our observations suggest that a magmatic control on mechanical strain localization occurs in discrete parts of the Western Branch of the EAR, and may be critical in facilitating rupture in a largely magma-poor rift. The suggested interplay and causality between diking and normal faulting in a youthful cratonic continental rift like Kivu highlights the need for hybrid models to account for strain accommodation by magmatism, even during the early stages of rifting.
Conclusions
An integrated analysis of radar interferometry (InSAR), seismic and geological data, demonstrates that the Kalehe M w 6.2 earthquake occurred due to normal-slip motion on a major preexisting east-dipping rift border fault. A Coulomb stress analysis suggests that diking events, such as the January 2002 Nyiragongo dike intrusion, could promote faulting on the western border faults of the rift in the central part of Lake Kivu. We thus interpret that dike-induced stress changes can cause moderate to large-magnitude earthquakes on major border faults during continental rifting. Continental crustal extension processes appear complex in the Lake Kivu basin, which seems to accommodate the rifting mostly with dike intrusions in its northern part and faulting in its southern part. This study suggests that dike intrusions play a major role in accommodating upper crustal extension in this part of the EARS, which is often considered as a magma-poor rift.
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